Cytotoxins from cobra venom are known to manifest cytotoxicity in various cell types. It is widely accepted that the plasma membrane is a target of cytotoxins, but the mechanism of their action remains obscure. Using the confocal spectral imaging technique, we show for the first time that cytotoxins from cobra venom penetrate readily into living cancer cells and accumulate markedly in lysosomes. Cytotoxins CT1 and CT2 from Naja oxiana, CT3 from Naja kaouthia and CT1 from Naja haje are demonstrated to possess this property with respect to human lung adenocarcinoma A549 and promyelocytic leukaemia HL60 cells. Immobilized plasma membrane binding accompanies the internalization of CT3 from Naja kaouthia in the HL60 cells, but it is very weak for other cytotoxins. Detectable membrane binding is not a property of any of the cytotoxins tested in A549 cells. The kinetics and concentration-dependence of cytotoxin accumulation in lysosomes correlate well with their cytotoxic effects. On the basis of the results obtained, we propose that lysosomes are a primary target of the lytic action of cytotoxins. Plasma membrane permeabilization seems to be a downstream event relative to lysosome rupture. Direct damage to the plasma membrane may be a complementary mechanism, but its relative contribution to the cytotoxic action depends on the cytotoxin structure and cell type.
INTRODUCTION
CTs (cytotoxins) from cobra venom are known to manifest cytotoxicity in various cell types, including erythrocytes, lymphocytes, myocytes, spleen cells and various tumour cells [1] [2] [3] [4] [5] [6] . Several mechanisms of cytotoxicity have been reported for different cell types, but all of these mechanisms were proposed to be realized at the external plasma membrane surface. Both membrane proteins and phospholipids may serve as a target for CTs [7] , thus accounting for the variety of biological activities reported for CTs.
The property of some CTs to stimulate the depolarization of myocytes [8, 9] was ascribed to CT-induced opening of voltagedependent Ca 2+ channels, blocking of inwardly rectifying background K + channels and the formation of new ion conductive pathways [6, [10] [11] [12] [13] . Accordingly, CTs from cobra venom that are able to cause heart arrest are also known as cardiotoxins. CTs were proposed to have protein targets in the membranes of myocytes [14, 15] , but these have not yet been identified. Proteins of 92, 77 and 68 kDa that were able to bind CT3Na (CT3 from Naja atra) were found in the plasma membrane of phytohaemagglutininstimulated peripheral blood mononuclear cells [16] . It was proposed that CT3Na displays its immunomodulatory properties by means of interactions with some of these proteins.
CTs from Naja atra and Naja kaouthia are able to inhibit protein kinase C efficiently [17] [18] [19] , and this molecular mechanism was concluded to be responsible, at least partially, for the inhibition both of the proliferation of several cancer cell types and of the PMA-induced differentiation of HL60 cells. More recently, the inhibitory effects of CTs with respect to protein kinase C were explained by the ability of CTs to bind NTPs [20] .
Cytolysis is considered to be a general mechanism of CT action in many cell types [1, 4, 8, [21] [22] [23] [24] . The ability of water-soluble, highly basic CTs to bind at the lipid bilayer surface is considered to be a basic requirement for the cytolytic activity of CTs. CTs possess a high affinity for binding to negatively charged lipids [7, 22, 25, 26] , and at least some CTs undergo lipid-induced oligomerization [27] . It was proposed that CT oligomerization may serve as a basis for toxin-indcued pore formation and/or a direct lytic action on membranes [27, 28] .
Various characteristics of the interaction of CTs with cells have been studied using radiolabelled CTs: the kinetics and temperature-dependence of binding, competition with unlabelled CTs, association constants and numbers of high-affinity binding sites [1, 21, 22] . CT from Naja siamensis adsorbed on a solid support or attached to 100 µm-diameter agarose beads was demonstrated to preserve its cytotoxicity against L1210 tumour Tlymphocytes [23] . All of these data were interpreted and analysed on the basis of the proposed plasma membrane binding of CTs without their internalization. At the same time, neither experiments with radiolabelled CTs, nor other studies determined the exact cellular localization of bound CTs.
To our knowledge, there has been only one attempt to visualize the cellular distribution of CTs: the membrane localization of CT3Na in monocytes and lymphocytes was visualized with immunofluorescence staining [16] . Describing their results, the authors mentioned casually that the CT "was seen as a diffuse staining of the membrane and as aggregates within the cells (phytohaemagglutinin-activated lymphocytes), indicating that it bound to and entered the cells". The assumed intracellular penetration of CT3Na was ignored in the abstract and discussion sections of the paper, and attention was focused on membranebound CT3Na.
In the present work, we have compared the cytotoxic effects of CT1No (CT1 from Naja oxiana), CT2No, CT3Nk (CT3 from Naja kaouthia), CT1Nh (CT1 from Naja haje) and CT2Nh on human lung adenocarcinoma A549 and promyelocytic leukaemia HL60 cells, and have used fluorescently labelled CT1No, CT2No, CT3Nk and CT1Nh to study the interactions of CTs with the cells. Using the CSI (confocal spectral imaging) technique [29] [30] [31] [32] , we prove that CTs penetrate readily inside A549 and HL60 cells, and show substantial accumulation within lysosomes. Evidently, this pathway assumes interaction of CTs with the plasma membrane, but this interaction is transient, and is not accompanied by retention of CTs at the plasma membrane in most cases studied by us. Immobilized cell surface binding was observed between CT3Nk and HL60 cells only, and it was complemented by distinct internalization of CT3Nk. The kinetics and concentrationdependence of CT accumulation in lysosomes correlated well with cytotoxic effects of the CTs. We propose that lysosomes are the major targets of the lytic action of CTs, whereas plasma membrane injury is a downstream event relative to lysosome rupture.
MATERIAL AND METHODS

Chemicals
AO (Acridine Orange), Rh (tetramethylrhodamine) isothiocyanate, carboxymethylrhodamine N-succinimidyl ester and Triton X-100 were purchased from ICN (Costa Mesa, CA, U.S.A.). Tris, propidium iodide and Hoechst33342 were supplied by Sigma (St. Louis, MO, U.S.A.). Other chemicals were of analytical-reagent grade.
Toxins and their fluorescent derivatives
CT1No, CT2No, CT3Nk, CT1Nh and CT2Nh were isolated from cobra venoms as described previously [33] . NTII (neurotoxin II from Naja oxiana) was isolated as described elsewhere [34] .
To obtain fluorescent derivatives, a solution of Rh isothiocyanate (0.78 mg in 1.5 ml of DMSO) was added slowly to 1 ml of CT solution (7 mg/ml) in 0.2 M sodium phosphate buffer, pH 10.5, containing 0.175 mM EDTA with continuous stirring. The solution of carboxymethylrhodamine N-succinimidyl ester (0.56 mg in 0.1 ml of DMSO) was added to 1 ml of NTII solution (4.1 mg/ml) in 0.2 M sodium phosphate buffer (pH 8.0) with continuous stirring. The reaction mixture was incubated for 105 min (or 18 h in the case of NTII) at room temperature and then desalted by gel filtration on a Sepadex G-15 column (2.5 cm × 90 cm) equilibrated with 0.1 M acetic acid. The protein fraction was freeze-dried and separated by reverse-phase HPLC on a Vydac C18 column (10 mm × 250 mm) with a gradient of aqueous acetonitrile from 20 to 60 % (v/v) (20-40 % for NTII) in 0.1 % (v/v) trifluoroacetic acid over 40 min (20 min for NTII) at a flow rate of 2 ml/min. The fractions containing singly labelled CTs and NTII (as determined by matrix-assisted laser-desorption ionization MS) were freeze-dried and used for further studies. The cytotoxicity of each Rh-CT (Rh-labelled CT) was compared with the cytotoxic effect of the corresponding native protein at the concentration of the native CT resulting in 70-80 % cell death. The cytotoxicity of Rh-NTII was tested at 10 µM after 3 and 24 h of incubation of the cells with Rh-NTII.
The most cytotoxic fractions of labelled CT1No, CT2No, CT3Nk and CT1Nh were characterized using CD spectroscopy in aqueous solution. The shapes of the CD spectra of the labelled toxins were the same as those of their native precursors, indicating the absence of label-induced conformational changes.
Pyridylethylation of Rh-CTs and mass spectra recording
Selected fractions of Rh-CTs (0.2-0.3 mg) were dissolved in 300 µl of 0.2 M Tris/HCl buffer (pH 8.5; containing 6 M guanidinium hydrochloride), then 10 µl of 100 mg/ml dithiothreitol in the same buffer was added, and the mixture was incubated for 18 h at room temperature. After that, 4-vinylpyridine (3 µl) was added, and the incubation was continued for 3 h. The pyridylethylated derivative was isolated by reverse-phase HPLC on a Jupiter C18 column (4.6 mm × 250 mm; Phenomenex) with a gradient of aqueous acetonitrile from 20 to 50 % (v/v) in 0.1 % trifluoroacetic acid for 30 min, and finally lyophilized.
For direct matrix-assisted laser-desorption ionization MS measurements of tryptic digests, 25 µg of pyridylethylated Rh-CT was incubated with 0.5 µg of porcine trypsin in sodium bicarbonate solution (25 µl; 50 mM) for 2 h at 37
• C. The mass spectra were recorded with a REFLEX III spectrometer (Bruker Daltonics) using 2,5-dihydroxybenzoic acid as a matrix. The samples were prepared using the dried droplet technique. The spectra were recorded in positive-ion mode.
For the tryptic digest of Rh-CT2No (the fraction having the highest cytotoxicity), a peak of 1978.6 Da was detected, which corresponded to the toxin fragment comprising residues 51-60 containing a label. Therefore the label was attached to Lys-58 of CT2No.
We failed to find the mass peaks of labelled fragments for the tryptic digests of Rh-CT3Nk, Rh-CT1No and Rh-CT1Nh. Even in the case of Rh-CT2No the detected peak was very weak, which might indicate either instability of label under MS conditions after chemical treatment or low volatility of the labelled fragments.
Cells and cytotoxicity measurements
A549 human lung adenocarcinoma cells and HL60 promyelocytic leukemia cells were cultured as described previously [33, 35] . All incubations of cells with CTs, NTII, Rh-CTs and Rh-NTII were performed in complete medium, i.e. a proper culture medium supplemented with 7 % (v/v) fetal calf serum and 2 mM L-glutamine, at 37
• C. The concentration of CT and incubation time varied as indicated in the Figures. For efflux experiments, A549 cells were incubated with Rh-CT1No or Rh-CT3Nk (1 µM for 1 h) in complete medium, rinsed twice and placed for 1 h in CTfree complete medium (37 • C). To identify lysosomes, cells were stained with AO (50 ng/ml or 0.5 µg/ml for 15 min at 37
• C) after incubation with Rh-CT (0.2-2 µM for 1 or 2 h at 37
• C). The cytotoxicity of CTs and NTII was determined after incubation of cells (1 × 10 6 cells/ml HL60 cells or a confluent monolayer of A549 cells on the cover glass) with different concentrations of CTs for 3 h (NTII for 3 and 24 h). Toxin-treated cells were stained (15 min, 37
• C) with propidium iodide (10 µM) and Hoechst33342 (10 µM) and examined under a microscope (model BH2; Olympus Europa GmbH, Hamburg, Germany) with a 10× objective. The U-MSWG epifluorescence filter unit (480-550 nm excitation filter; 570 nm dichroic mirror; 590 nm barrier emission filter) was used to count dead cells having propidium iodide fluorescence in the nucleus, whereas the U-MWU filter unit (330-385 nm excitation filter; 400 nm dichroic mirror; 420 nm barrier emission filter) was used to count all cells showing nuclear fluorescence of Hoechst33342. Approx. 500-700 cells were counted per experimental point, and titration was performed in triplicate for each CT.
The experimental dependence of cytotoxicity on CT concentration was fitted using the Hill formula:
(1) where α is the percentage of dead cells, C is the CT concentration in the medium, EC 50 is the CT concentration that induces 50 % cell death, and h is the Hill coefficient. This fitting was used to define EC 50 and h values for each CT.
CSI measurements
CSI measurements were performed using an installation described elsewhere [29] with a UPLAPO60 × W objective (Olympus Europa GmbH). The lateral, axial and spectral resolutions were ∼ 0.5 µm, ∼ 3 µm and 1 nm respectively. The CSI technique is based on measurement of the fluorescence spectrum at each point of a specimen [29] [30] [31] [32] . Excitation of spectra was performed with an Ar + laser (514 nm, 10 µW; model 164-45; Spectra-Physics GmbH, Darmstadt, Germany) or a Nd 3+ -YAG-laser (532 nm, 2 µW; model LCS-T-11; Laser-Compact, Moscow, Russia). Each experimental spectrum recorded in confocal mode from the specimen was deconvolved as the sum of the reference spectra with weighting coefficients. Taken in a combination appropriate for a particular experiment, the fluorescence spectra of Rh-CT, free Rh and AO (two to three model spectra) were used as the reference spectra. The integrated intensity of a reference spectrum multiplied by the weighting coefficient for each point produced a two-dimensional map that described the relative distribution of the corresponding dye along the optical section of a specimen.
The concentration of Rh-CT within the cytoplasm of cells was deduced from the integrated intensities of the discriminated intracellular fluorescence spectra of Rh-CT. The dependence of fluorescence intensity on Rh-CT concentration was calibrated with a solution of Rh-CT in 1 % Triton X-100 and 20 mM Tris/ HCl, pH 7.4, under the same experimental conditions (optical pathway, light collection geometry, lateral and axial resolution, laser power and integration time) that were used for the CSI measurements. The quantitative two-dimensional maps of Rh-CT distribution were reconstructed for each cell measured, and the cytoplasmic concentration of Rh-CT was averaged over 30-50 cells.
It should be mentioned that the spectral analysis employed in the CSI technique allowed us to discriminate between the overlapping signals of Rh-CT and free Rh (resulting from conjugate deterioration) due to the shifted maxima of their fluorescence spectra. Free Rh penetrates quickly inside cells and accumulates primarily in mitochondria. This means that a trace amount of free Rh in the extracellular medium provides a perceptible intracellular concentration of Rh. Accordingly, correction for the contribution of free Rh was performed in our experiments, in order to avoid (i) overestimation of the intracellular concentration of RhCTs, and (ii) incorrect conclusions concerning the intracellular localization of Rh-CTs.
RESULTS
Cytotoxicity of CTs
The cytotoxicity of CTs towards adherent A549 cells decreased in the order CT2No CT3Nk » CT1No » CT2Nh ≈ CT1Nh (Table 1, Figure 1) ; CT2No was 78-fold more toxic towards A549 cells than CT1Nh. Hill coefficients for CTs varied from 1.5 to 2.6 (Table 1) , thus indicating a co-operative mode of interaction between the CTs and the cells.
HL60 cells were more sensitive to the CTs than were A549 cells (Table 1, Figure 1 ), whereas the range of differences in cytotoxicity was relatively small, in the order CT3Nk > CT2No > CT1No » CT2Nh CT1Nh; CT3Nk was just 14-fold more toxic than CT1Nh. Interactions between CTs and HL60 cells have a co-operative character: the Hill coefficients varied from 2.4 to 3.2 for all CTs except CT1No (Table 1) .
On the basis of the cytotoxicity data, CT1No, CT2No, CT3Nk and CT1Nh were selected and labelled with Rh for investigation of their localization in cells. The concentrations inducing 80 % cell death after a 3 h incubation of HL60 cells with the native CT were chosen in order to compare the cytotoxicity of Rh-CTs with that of the corresponding non-modified CTs. Under these conditions, Rh-CTs killed 1.2-4-fold fewer cells than the respective native proteins. Using these data, the concentrations of Rh-CTs resulting in approx. 50 % cell death were calculated ( Table 1) . The similar values of these concentrations of the RhCTs and the respective native CTs (Table 1 ) allow us to assume that the mode of interaction between Rh-CTs and cells is unchanged. NTII and Rh-NTII were used for comparison. Incubation of A549 or HL60 cells with NTII at concentrations ranging from 10 nM to 10 µM for 24 h did not result in any cytotoxicity. Incubation with Rh-NT at 10 µM for 3 or 24 h was not toxic to the cells.
Localization of Rh-CTs in A549 cells
The CSI technique revealed a distinct cytoplasmic vesicular localization of all Rh-CTs in A549 cells (Figures 2a-2d) . No plasma membrane staining was observed even in the area of intercellular contacts (Figure 2c ). The staining pattern was the same whether Rh-CTs were present in the extracellular medium during observation (Figure 2a ) or washed out before observation (Figures 2b-2d) . Different fractions of Rh-CTs (eluting from a chromatographic column at different times and apparently having a different location of the Rh label) stained the cells in a similar manner (results not shown). There were no qualitative changes in the cellular localization of Rh-CTs during incubation (30 min-4 h) at CT concentrations ranging from 0.1 µM to the lethal level. Nuclear penetration of Rh-CT and overall cytoplasmic staining was observed in dying and dead cells (Figures 2e-2g ). Analogous experiments with Rh-NTII revealed neither internalization nor membrane binding of this toxin.
Incubation of the cells with AO, the vital fluorescent probe of lysosomes, revealed co-localization of Rh-CTs and AO in lysosomes. Two sets of experiments were performed, and both showed lysosomal localization of Rh-CTs. The first was carried out at an excitation wavelength of 514 nm and with a low AO concentration (50 ng/ml). In these experiments it was possible to distinguish the dominant fluorescent signal of monomeric AO (emission maximum 530 nm) and the minor signal of aggregated AO (emission maximum 640 nm), which co-localized with the Rh-CT signal in lysosomes (Figures 3a-3c ). The second experiment was performed at an excitation wavelength of 532 nm and with a high AO concentration (0.5 µg/ml). In this case, the AO concentration was high enough to form predominantly aggregates in lysosomes (640 and 665 nm emission maxima), and the 'spotty' pattern of the Rh-CT distribution was entirely replaced with the spotty pattern of the fluorescence of aggregated AO (results not shown). This phenomenon can be explained by fluorescence resonance energy transfer from Rh-CT to the aggregates of AO, which indicates exact co-localization between Rh-CT and AO.
Localization of Rh-CTs in HL60 cells
A spotted distribution of Rh-CTs was also observed in HL60 cells, and CSI measurements confirmed both intracellular localization of the Rh-CT-containing vesicles ( Figure 4 ) and their lysosomal origin (Figures 3d-3f ). Plasma membrane staining was a distinct feature with Rh-CT3Nk, which occurred in addition to the intracellular lysosomal accumulation of the toxin (Figures 3-5) . Membrane staining was detected in 30-50 % of cells. Usually it was non-uniform, with a tendency to form caps and/or clusters on the membrane. Membrane-bound Rh-CT3Nk was immobilized, since no dissociation of Rh-CT3Nk from the membrane occurred over a 2 h incubation of cells in Rh-CT3Nk-free medium, and no lateral diffusion of the CT was detected using the FRAP (fluorescence recovering after photobleaching) technique ( Figure 5 ). Membrane staining of HL60 cells with Rh-CT1No, Rh-CT2No • C (Figure 6 ). Exposure of the cells to equimolar concentrations of Rh-CT3Nk and Rh-CT1No resulted in rather similar intracellular levels of CTs (Figure 6 ), which is in contrast with a large difference in the cytotoxicity of these toxins (Table 1, Figure 1 ). An increase in the extracellular concentration of the CTs from 1 to 10 µM (1 h incubation) was accompanied by a noticeable increase in the average cytoplasmic concentrations (from 2.6 + − 0.2 to 11.4 + − 0.2 µM for Rh-CT1No, and from 4.2 + − 0.1 to 16.8 + − 0.8 µM for Rh-CT3Nk), although the accumulation factors (ratio of cytoplasmic/extracellular CT concentration) decreased. The lysosomal concentration of Rh-CT cannot be measured accurately with the CSI technique, since the diameter of the lysosomes is considerably smaller than the thickness of the optical section (approx. 3 µm) that is discriminated by the confocal filtration of the signal.
At the same time, we can provide a low estimate of the lysosomal concentration of a Rh-CT: it is at least 20-100-fold higher than the extracellular concentration of the Rh-CT (Figure 2) .
When the extracellular concentration of Rh-CT3Nk was within the cytotoxic range, dying and dead cells were recognized by bright-field illumination due to characteristic morphological changes in the shape of the cell and in the state of the nucleus and cytoplasm (e.g. Figures 2e-2g) . The concentrations of Rh-CT1No used in the experiments were outside the cytotoxic range, and so no dying cells were observed.
An examination of dying cells allowed us to assess the development of changes in the intracellular distribution of Rh-CT3Nk (Figures 2e-2g) . Initial signs of cytotoxicity (nucleus rounding, condensation of perinuclear cytoplasmic structures) were not accompanied by noticeable changes in the intracellular distribution of Rh-CT3Nk. The lysosomal localization of the toxin was preserved, at least partially; the plasma membrane was impermeable with respect to the diffusion of extracellular Rh-CT in the cytoplasm (Figure 2e) . The development of a cytotoxic effect (Figure 2f ) was accompanied by penetration of Rh-CT into the nucleus (diffuse staining of nucleus) and its enhanced accumulation in nucleoli (bright spots in nucleus); weak diffuse staining of the cytoplasm and persistent localization of Rh-CT in some lysosomes were also observed. The loss of plasma membrane integrity seems to be a late event of CT action, and resulted in the bright staining of the cytoplasm and nucleus with Rh-CT that had diffused from the extracellular medium ( Figure 2g) ; the lysosomal localization of Rh-CT disappeared or was masked by the intense Rh-CT signal in the cytoplasm.
DISCUSSION
Our experiments have revealed that efficient intracellular penetration of CTs and indistinguishable or very low CT accumulation at the plasma membrane are common features of CTs from different cobra venoms when they are added to adherent cells and cells in suspension. Only one exception to the common distribution pattern was found among four Rh-labelled CTs studied by us: CT3Nk demonstrated both internalization and noticeable membrane binding with HL60 cells. To our knowledge, this is the first time that the intracellular penetration of CTs has been demonstrated unambiguously.
For a long time, the action of CTs has been considered to occur at the plasma membrane, and internalization was not even hypothesized. Reasonably, questions arise as to whether our data are artifacts, and whether they contradict experimental data published previously. We examined the cellular localization of several Rh-CT derivatives. The Rh label was most probably attached to different amino groups in these derivatives, but its exact position was not clear, except for the most active Rh-CT2No derivative. The location of the label affected the cytotoxicity of the derivatives, but did not change their cellular distribution. Finally, for our experiments we selected Rh-CTs whose cytotoxicity was similar to that of the native toxins and whose conformation was not altered by the label. For example, Rh-CT2No was as toxic as CT2No. It is extremely unlikely that labelling could change the localization of the CT and yet still provide the same level of cytotoxicity. With regard to Rh-CT2No, the label was located (Lys-58) far from the sites known to be essential for interaction of the CT with membranes [36] and for cytotoxicity [37] . Moroever, conjugation with Rh did not change the conformation of the toxins. These properties of Rh-CT2No are a good basis to assume that labelling changed neither the interaction of CT2No with cells nor its ability to be internalized. Structurally similar (but functionally different) NTII labelled with Rh was not able to accumulate in lysosomes; therefore the presence of Rh label is not sufficient in itself to cause the internalization of toxins.
The origin of the intracellular signal was verified by spectral analysis, and the contribution of the signal from deteriorated (free) Rh was subtracted. It is worth mentioning that the staining pattern of free Rh corresponded to the mitochondria (results not shown), and not to lysosomes as in the case of Rh-CTs. It is important that the CSI measurements were performed on living cells, thus eliminating artifacts of fixation, and incubation of cells with Rh-CTs was carried out under biologically relevant conditions, namely in cell culture medium supplemented with fetal calf serum at 37
• C. In fact, our data do not contradict experimental results obtained previously. Earlier radiolabelling experiments showed that both the binding equilibrium and the development of cytotoxic effects were saturated after a 1 h incubation of fetal lung cells (cultured human amnion cells) with CT3Na [22] . This time course of CT binding and cytotoxicity development correlates well with the kinetics of CT accumulation in lysosomes, which approaches saturation during a 1 h incubation (Figure 6 ), as revealed with RhCTs by quantitative CSI analysis. Our cytotoxicity measurements confirmed that the number of dead cells increased between 0.5 and 2 h of incubation (results not shown), and thus a 3 h incubation of cells with CTs was selected in order to provide analysis when the cytotoxic effect had reached a plateau (Table 1, Figure 1) .
Using radiolabelled CTs, it was concluded that CTs were able to dissociate from cell membrane [1] . Keeping in mind that the exact localization of cell-associated CTs could not be identified using radiolabelled CTs, a decrease in the amount of cell-associated CTs can be explained by efflux, which, according to our data (Figure 6 ), releases as much as 50 % of intracellular (lysosomal) CT over 1 h.
Internalization of CTs may explain the higher sensitivity of tumour cells to CTs as compared with normal cells [2, 4, 21] . It is well known that uptake of exogenous ligands by tumour cells is very high, and this fact is widely employed in chemotherapy to provide selectivity for tumour treatment. Enhanced internalization of CTs by tumour cells as an explanation for the increased toxic effect seems to resolve a dilemma of supposed CT-specific receptors or CT-specific binding sites [21, 22] , which had been neither identified nor observed, as targets of the toxic action at the membrane of tumour cells.
Pronounced concentration-and time-dependent accumulation of CTs in lysosomes without detectable binding at the plasma membrane (except for CT3Nk binding on HL60 cells) indicates that lysosomes are probable targets of CT action. On varying the incubation time and the extracellular concentration of Rh-CTs, we observed a 20-100-fold increase in the lysosomal concentration of Rh-CTs, but we were not able to recognize increased plasma membrane binding in different optical sections of cells (Z-stacks) even under conditions when cytotoxic effects were already evident. No staining of the plasma membrane was detected irrespective of whether the Rh-CTs were present in the external medium during observation or were washed out of the cells.
Evidently, internalization of CTs and their consequent transport to lysosomes assume an interaction of the CTs with the plasma membrane, but according to our data this interaction is transient and not accompanied by retention of CTs at the plasmalemma. It is unlikely that very low (undetectable) CT binding is able to injure the plasma membrane.
In theory, even a low amount of CT bound to some ionic channels could inhibit/activate them and ultimately induce cell death. Given this assumption, we have to also suppose that (i) such channels are present in morphologically different cells, (ii) they are vitally important, and (iii) the affinity of CTs for these channels is rather low (micromolar to millimolar concentrations of CTs are required to disturb these channels and kill cells). Currently, this model of CT action is rather speculative for cancer cells and requires experimental evidence.
At the same time, binding to zwitterionic and negatively charged phospholipids is a general property of CTs [7, 11, 22, [25] [26] [27] 36] , and a very high concentration of CTs in lysosomes is a prerequisite for the interaction of CTs with the lysosomal membrane and its lysis. When released into the cytosol, both CTs and lysosomal factors such as proteases can initiate necrosis, which will result in plasma membrane permeabilization. Figures 2(e)-2(g) show the proposed chain of events as traced by the Rh-CT3Nk fluorescence distribution. According to data on molecular interactions [20] , CTs can bind ATP in the cytosol and hence disturb ATP-dependent cellular processes. It is clearly seen (Figure 2f ) that released CT penetrates into the nucleus, and binds with chromatin and extensively with relaxed DNA in nucleoli. This nuclear binding could also contribute to the toxic effect.
The cytotoxicity measurements revealed a co-operative mode of interaction of the CTs with cells (1.5 < h < 3.2; Table 1 ). Previously, positive co-operativity in the binding of CT3Na to heart cells and human leukaemic T-cells (CEM cells), as well as of CT1No, CT2No, CT3Nk, CT1Nh and CT2Nh to murine WEHI-3 cells, was reported [1, 33] . Analysing the data presented in these papers, one can recognize positive co-operativity in the interactions of CTs 1, 3 and 4 from Naja atra with K562 and HL60 cells [17] , as well as in that of CT2 from Naja naja with Yoshida sarcoma cells [4] . One cannot exclude the possibility that this co-operative mode of action (at least in our case) is related to the formation of pore-inducing dimers or higher aggregates of CTs on the lysosomal membrane. It has been shown previously that the interaction of CTs with negatively charged lipids can cause CT dimerization, an important intermediate for eventual oligomerization during the formation of a pore in membrane bilayers [27] . High concentrations of CTs in lysosomes promote both interaction of toxins with lipids and self-association. It should be stressed that, according to our lower estimate, the lysosomal concentrations of CTs may be 20-100 times higher than their concentration in the extracellular medium.
The phospholipid binding activity of CTs containing a His-4 residue was reported to be pH-dependent and to decrease at low pH, with an apparent pK a of approx. 6.0 [38] . pH-dependent binding was attributed to protonation of His-4 at the membranewater interface and to protonation-related local conformational changes in CT structure. Among five CTs studied by us, CT1Nh and CT2Nh contain His-4 and demonstrate low cytotoxicity. Since the lysosomal accumulation of Rh-CT1Nh (low-toxicity CT) and Rh-CT1No (intermediate-toxicity CT) occurred equally efficiently, it is reasonable to suppose that low pH in lysosomes is a factor that may reduce the binding of CT1Nh and CT2Nh to the lysosomal membrane, in this way diminishing the cytotoxic effect.
Considering the lipid mode of CT action, one cannot exclude the possibility that some functionally important interactions of CTs with proteins occur in lysosomes that contribute to the overall cytotoxic effect, but these remain to be identified.
In spite of the fact that the immobilized binding of CT3Nk at the plasma membrane of HL60 cells (Figures 3-5) accords well with the generally accepted model of CT action, this pattern was cell specific: HL60 cells, but not A549 cells, were membrane-stained. Since three other Rh-CTs studied by us demonstrated only very weak binding to HL60 cell membranes, this binding mode seems to be defined by the individual structural features of CT3Nk. The molecular and structural basis of plasma membrane binding requires further extensive investigation. Membrane binding seems to contribute to the overall toxicity of CT3Nk: CT3Nk is more toxic for HL60 cells than is CT2No, whereas for the A549 cells, where no membrane binding was detected, the relative cytotoxicities of CT3Nk and CT2No were reversed (Table 1) . It is possible that the membrane staining is related to the binding of CT3Nk to some membrane proteins that are highly expressed in some cells, as was revealed for CT3Na in phytohaemagglutininactivated lymphocytes [16] . Indirect support for this hypothesis comes from the non-uniform distribution of membrane-bound CT3Nk observed in the HL60 cells (Figures 3 and 6) , which is qualitatively consistent with the capping of CT3Na on the activated lymphocytes [16] .
In conclusion, the internalization and lysosome-targeted action of CTs seem to be an important component of CT-mediated cytotoxicity. Bearing in mind that about 90 CT analogues have been identified so far, extended experiments are required to verify whether all groups of known CTs possess this property. The immobilization and activity of CTs at the plasma membrane is an additional cytotoxic factor. Its contribution to cytotoxicity is proposed to depend on both cell type and CT structure. The molecular basis of the interaction of the CT with the membrane, which results in both membrane immobilization and intracellular transport, requires detailed investigation.
